Transient electronic absorption monitors the flow of vibrational energy in methylene iodide (CH 2 I 2 ) following excitation of five C-H stretch and stretch-bend modes ranging in energy from 3000 to 9000 cm
I. INTRODUCTION
Vibrational energy plays a major role in every chemical reaction. Since nuclear motion transforms reactants into products, the rate, and even the outcome, of a reaction depends on the amount and distribution of vibrational energy. 1, 2 The vibrational dynamics are therefore ultimately responsible for the evolution of a reactive system, and the processes that move energy within and out of a molecule play an essential role. Short-pulse lasers can directly follow this flow of energy by exciting a specific vibrational motion and monitoring the transient response of the molecule, [3] [4] [5] providing a test for theoretical treatments of vibrational energy transfer. [6] [7] [8] In the work described here we examine the influence of the excitation level on vibrational relaxation for a wide range of initial vibrational energies.
Intramolecular vibrational relaxation ͑IVR͒ is the process by which energy flows within a molecule. [9] [10] [11] Anharmonic coupling between the initially excited state and each of the energetically available states governs the redistribution of energy since the energy transfer rate increases with coupling strength. Only one or a few states dominate the initial relaxation in the state-specific limit, while in the statistical limit the relaxation involves a very large number of accepting states. During state-specific IVR, energy initially flows into only the most strongly coupled states, while relaxation into other energetically accessible states occurs more slowly. This situation can result in oscillating populations if energy returns to the initially excited state before it flows into a large number of the weakly coupled modes or the surroundings. 9 In contrast, statistical IVR directly populates every accessible state, resulting in a monotonic population decay of the initially excited state and a uniform distribution of energy within the molecule. 12 The number of vibrational states in a molecule increases rapidly with the energy level, providing a means of studying the relationship between the density of states, , and the IVR mechanism. For example, experiments that prepare gas phase molecules with varying amounts of vibrational energy above the S 1 electronic origin show a transition from state-specific IVR at low levels of vibrational excitation to a statistical relaxation mechanism at high excitation energies, where the density of states is much larger. [13] [14] [15] [16] [17] [18] The rate of intramolecular relaxation, IVR Ϫ1 , depends on the density of states because it limits the number of available energy transfer pathways. For a statistical relaxation mechanism, Fermi's Golden Rule 19 gives the IVR rate in terms of ,
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where the coupling strength, V, to the initially excited state is the same for all of the states that accept energy. Experiments often show, however, that the IVR rate does not scale with the total density of states. [20] [21] [22] [23] [24] [25] Such a deviation from Fermi's Golden Rule occurs when only a fraction of the available states participate in the initial energy transfer. Separating the accepting states into tiers according to their coupling strength accounts for the larger role that some states play in the relaxation compared to others. 10, 11, 26 The excited state initially transfers energy to only those states in the first tier, which contains the most strongly coupled states, and then on a slower time scale the energy relaxes into the remaining, more weakly coupled states. This picture recovers the limiting mechanisms of state-specific IVR, where only a few states are in the first tier, and of statistical IVR, where a large number of states compose the first tier.
The vibrational relaxation process is even more complicated in solution, [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] where intermolecular energy transfer ͑IET͒ to the solvent is important. IET depends on the internal vibrational modes of the solute, as well as the surrounding environment, since some modes transfer energy to the solvent more effectively than others. Vibrational energy generally flows within the molecule until it reaches these ''gateway'' modes, which then efficiently transfer the energy to solution. It is also possible that the intra-and intermolecular energy relaxation occurs simultaneously. The low frequency collective modes of the solvent can accelerate the intramolecular relaxation by making up small energy differences between an initially excited state and the accepting states. 7, 41, 42 This solvent-assisted IVR depends strongly on the solvent environment.
In the present work we examine IVR and IET in methylene iodide (CH 2 I 2 ) following excitation of five different C-H stretch and stretch-bend states ranging in energy from 3000 to 9000 cm
Ϫ1
. Graener and Laubereau 30 and Bakker et al. 34 were the first to study vibrational relaxation of CH 2 I 2 following picosecond excitation of the C-H stretch fundamental vibrations, and their results indicate a state-specific IVR mechanism. Our recent work [43] [44] [45] suggests that the IVR mechanism changes between the C-H stretch fundamental and the first overtone, and Abel and co-workers 46, 47 show that the IVR rate does not scale with the total density of states between the stretch-bend combination region and the stretch overtone. The past studies also show that the IET rate depends on the initial excitation level and that the solvent influences the rates of both IVR and IET. Here we investigate a wider range of excitation levels and explore systematically the influence of the excitation level on the IVR mechanism, the IVR and IET times, and the solvent dependence of the relaxation.
II. EXPERIMENT
We monitor the vibrational relaxation of CH 2 I 2 in solution by observing the time-dependent change in electronic absorption following vibrational excitation. This detection technique is only sensitive to motion along the FranckCondon active ͑primarily C-I stretch͒ vibrational modes, whose excitation increases the electronic absorption at long wavelengths. Figure 1 shows a schematic diagram of the experimental approach and a typical transient absorption trace. A short laser pulse excites a C-H vibration, which does not enhance the absorption in the long-wavelength portion of the electronic absorption spectrum since it is FranckCondon inactive. During intramolecular vibrational relaxation, energy flows into states with some excitation in the C-I stretching coordinate, and the electronic absorption in the long-wavelength part of the spectrum increases, as shown in the experimental transient in Fig. 1 . The subsequent intermolecular equilibration with the solvent lowers the total energy of the solute, depopulating the excited Franck-Condon active modes and decreasing the transient absorption.
We vibrationally excite CH 2 I 2 with 100-fs mid-infrared or near-infrared pump pulses tuned to one of the C-H stretch or stretch-bend bands shown in the spectrum of Fig. 2 , where s and b denote the C-H stretch and H-C-H bend, respectively. ͑This notation ignores the relative contribution of specific normal modes to each bright state since the laser excites all transitions that lie within the pulse bandwidth.͒ The pump pulses come from nonlinear frequency conversion of 800 nm pulses from a regeneratively amplified Ti:sapphire laser ͑Clark MXR CPA-1000͒ that delivers a 1 kHz train of 100 fs pulses at an energy of 1 mJ. Approximately 50% of the light from the Ti:sapphire laser pumps a continuum seeded optical parametric amplifier ͑OPA͒ based on a 5 mm, type-II ␤-barium borate ͑BBO͒ crystal cut at ϭ27°. We separate the signal and idler beams of the OPA with a polarizer and use them directly for the near-infrared pump pulses in the wavelength range from 1.1 to 2.5 m ͑9000 to 4000 cm Ϫ1 ͒. Difference frequency mixing of the signal and idler pulses from the OPA in a 1 mm, type-II silver gallium sulfide (AgGaS 2 ) crystal cut at ϭ50°generates midinfrared pump pulses at 3.3 m ͑3000 cm Ϫ1 ͒. 44 The pump pulse energy varies from approximately 2 to 40 J depending on the wavelength. Two successive type-I BBO crystals ͑1 mm, ϭ22°, and 0.3 mm, ϭ29°) frequency quadruple the signal pulse from a second BBO OPA, pumped with approximately 30% of the light from the Ti:sapphire laser, to generate ultraviolet probe pulses at 390 nm and below. We frequency double a portion of the remaining Ti:sapphire light directly to produce 400 nm probe pulses.
A computer controlled translation stage adjusts the delay between the pump and probe pulses, and a metal-coated parabolic mirror with 100 mm focal length focuses the pump beam to a 100 m diameter in the sample. The probe beam, which a 120 mm lens focuses to a similar size, intersects the pump beam at a small angle in the sample. Two silicon photodiodes measure the probe pulse energy before and after the sample to account for fluctuations in the laser intensity, and a synchronized chopper blocks every other pump pulse for active background subtraction. Averaging between 1000 and 10 000 laser shots per delay step produces a detection limit of about 0.01 mOD. We make 1 M solutions of CH 2 I 2 in CCl 4 , CDCl 3 , C 6 D 6 , C 6 H 6 , and (CD 3 ) 2 CO using the reagents as received, without further purification. The solution circulates through a 6 mmϫ300 m nozzle to form a 250 m thick liquid jet with the flow rate set to minimize fluctuations in the recorded probe beam intensity.
III. RESULTS AND DISCUSSION
A. Intramolecular vibrational relaxation mechanism
The two limiting cases of intramolecular vibrational relaxation are the state-specific and the statistical mechanisms, an important distinction since the mechanism governs the redistribution of energy throughout the molecule. Traditional methods for determining the IVR mechanism, such as high resolution spectroscopy, 10 are impractical in solution because of interactions with and energy transfer to the solvent. Our infrared pump and ultraviolet probe technique, however, distinguishes between the two limiting IVR mechanisms through the wavelength dependence of the decay times of the transient electronic absorption.
State-specific intramolecular vibrational relaxation from the initially excited state populates only one or a few accepting states. These states contain only low levels of excitation in the Franck-Condon active coordinates since transitions with a small change in quantum number should dominate the initial energy transfer. In the limit that subsequent relaxation steps do not further excite the Franck-Condon active modes, the low-lying states dominate the transient electronic absorption at all wavelengths, as shown schematically in the top portion of Fig. 3 . The transient absorption directly monitors the population evolution of the newly populated states independent of the wavelength, and the decay time is the same for all probe wavelengths. 44, 45 The limit of statistical intramolecular vibrational relaxation produces a very different picture, as outlined in the bottom part of Fig. 3 . This mechanism populates not a single accepting state, but a statistical ensemble of all modes in the molecule. The population distribution in the Franck-Condon active modes shifts to higher levels of excitation as the initially excited state relaxes and returns to lower levels during energy transfer to the solvent. During the cooling process, the vibrational population decays more rapidly for highly excited states relative to those with fewer quanta of excitation, producing a probe wavelength-dependent decay time. Since lower energy probe photons predominantly interrogate higher lying vibrational states, we observe a faster decay of the transient signal at longer wavelengths than at shorter ones. 43 Figure 4 compares the transient absorption signal of CH 2 I 2 in CCl 4 at several probe wavelengths, each fit to the sum of an exponential rise and decay, following excitation of the first and second excited states of the C-H stretch vibration. Figure 5 shows the exponential decay times, along with those from measurements at the other excitation levels, and demonstrates that there is a weaker wavelength dependence of the decay times following excitation of the fundamental stretch vibration, s , than for higher levels. Using the description given above, we interpret this difference as a change from a predominantly state-specific vibrational energy transfer mechanism at the energy of the C-H stretch fundamental, to a more statistical mechanism at the level of the C-H stretch-bend combination. The slight wavelength dependence at the fundamental vibrational level reflects a minor statistical component underlying the predominantly state-specific IVR mechanism. 44 This minor component is only detectable in the long wavelength transients since they preferentially probe states highly excited in the FranckCondon active coordinate that are not populated by the primary, state-specific channel. A recent study 45 of vibrational relaxation in the series of iodomethanes (CH 3 I, CH 2 I 2 , and CHI 3 ) provides additional evidence for state-specific IVR at the fundamental, finding that the vibrational state structure plays a more important role in the relaxation than the density of states.
The decay times following excitation of the s ϩ b , 2 s , and 2 s ϩ b bands depend strongly on the probe wavelength, suggesting that the intramolecular relaxation is closer to the statistical limit at each of these initial energy levels. Because the weak infrared absorption at the second overtone, 3 s , gives a relatively poor signal to noise ratio, it is not possible to infer the vibrational energy transfer mechanism from the wavelength dependence of the decay times. However, we do not expect the mechanism to be different than what we observe at nearby levels of excitation. Our primary conclusion is that the IVR mechanism changes from predominantly state-specific to more nearly statistical for an initial excitation energy between that of the C-H stretch fundamental at 3000 cm Ϫ1 and the stretch-bend combination at 4400 cm
Ϫ1
.
B. Vibrational energy transfer times
The transient absorption signals directly reflect the population dynamics of the Franck-Condon active vibrational modes in the case of state-specific vibrational energy transfer, as shown in Fig. 3 . Thus, for the C-H stretch fundamental we identify the rise time of the signal with intramolecular vibrational relaxation and the decay time with intermolecular energy transfer to the solvent. 48 We obtain the rise and decay times through nonlinear least-square fits of the data at each probe wavelength to a sequential first-order kinetics scheme and average the results to obtain the IVR and IET times. Because data taken at probe wavelengths of 390 nm and longer reflect a minor statistical component of the intramolecular relaxation at the fundamental level, we determine energy transfer times from traces at shorter wavelengths.
The signals recorded at higher initial excitation levels depend strongly on the probe wavelength, as we expect following statistical IVR. We describe the energy transfer for these levels using a population distribution function characterized by a phenomenological time-dependent vibrational temperature, T vib (t). 43 In this model, the observed transient scribes both the exponential decrease at low frequencies 50 and the Gaussian shape near the absorption maximum, 51 taking into account only the lowest energy electronic transition. Although as many as five electronic transitions appear in the ultraviolet absorption spectrum, 52 the lowest energy band dominates at long wavelengths. The temperature-dependent parameters for the absorption are extrapolations from spectra taken over the temperature range of 284 -322 K. Recent 400 nm absorption measurements of CH 2 I 2 heated in shockwaves show that the extrapolation may underestimate the change, 46 but since the vibrational temperature is a phenomenological parameter describing the vibrational energy content in the Franck-Condon active modes, the model adequately characterizes the change in absorption during energy transfer.
We model the time evolution of the vibrational temperature with an exponential rise and decay, representing IVR and IET, and use the temperature-dependent absorption spectrum to obtain the resulting signal at each probe wavelength. Fitting the data simultaneously for all probe wavelengths at a given excitation level yields the IVR and IET times, as well as a maximum vibrational temperature. ͑An amplitude scaling factor compensates for small changes in the experimental conditions among the traces.͒ The maximum vibrational temperature is typically close to 1000 K, which is consistent with the amount of energy initially deposited. 43 Additionally, an exponentially rising temperature offset compensates for solvent heating by the pump laser pulse, with this solvent rise time set equal to the vibrational population decay time of the solute. Figure 6 shows the result of nonlinear least square fits to the experimental data, at vibrational levels above the C-H stretch fundamental, for CH 2 I 2 in CCl 4 using the temperature model. The model reproduces the experimental data very well for the 2 s , 2 s ϩ b , and 3 s excitation levels. The fit to the transient absorption traces after excitation to the s ϩ b stretch-bend combination band is not as good, perhaps reflecting a component of state-specific IVR. This behavior, along with the observation of a minor statistical component at the fundamental, is consistent with a gradual transition from state-specific to more nearly statistical relaxation. A gradual transition between the two mechanisms is not surprising since they are limiting cases. Figure 7 summa- rizes the vibrational energy transfer times obtained from the fits at all excitation levels for CH 2 I 2 in CCl 4 , and Tables I  and II give the IVR and IET times for CH 2 I 2 in various solvents.
Intramolecular vibrational relaxation
The Golden Rule expression ͓Eq. ͑1͔͒ predicts that the intramolecular vibrational relaxation rate in the statistical regime scales linearly with the state density, which itself increases rapidly with vibrational energy. However, Fig. 8 shows that the IVR rate does not increase for excitation energies above the first C-H stretch overtone (2 s ), around 6000 cm Ϫ1 , even though the total density of states increases from 16 states/cm Ϫ1 at 2 s to 124 states/cm Ϫ1 at 3 s . ͑The total density of states, middle panel of Fig. 8 , is from a direct harmonic state count using the frequencies listed in Table  III . 53 ͒ Insensitivity of the IVR rate to the total density of states suggests that the additional states available at higher excitation levels do not contribute to the initial vibrational relaxation. The extra states apparently constitute higher tiers of weakly coupled states, while the first tier of accepting states is similar at each excitation level and consists of those states that are most important for the initial relaxation. Since the coupling strength between two states generally decreases as the number of quanta exchanged in the transition increases, we analyze the intramolecular relaxation in terms of the coupling order, n, connecting the states. This is similar to previous work that associates IVR with the coupling order between states. 23-25,45,54 -58 States with a high coupling order, which are weakly coupled to the initially excited state, compose higher tiers in the IVR hierarchy, while states with low coupling order make up the lower tiers. We enumerate the states that are coupled to the initially excited C-H stretch or stretch-bend states at a particular order, and define the orderspecific density of states, n (E), as the density of those states coupled to the initially excited state at order n. Classifying all states with the same coupling order into one category makes the overly simple assumption that the coupling strength, V, is the same for all states with a specific coupling order.
The bottom panel of Fig. 8 shows how the order-specific density of states changes with the vibrational energy level for a few orders of coupling. At low order, n (E) remains relatively constant over the energy range shown, but at higher coupling order it increases rapidly with energy. We associate this difference in behavior with the stagnation of IVR times for CH 2 I 2 at energies above the 2 s overtone. shows that n (E) is relatively constant above 6000 cm Ϫ1 for nр7 but increases with energy for eighth and higher order coupling. Thus, we infer that states coupled to the initially excited state in about seventh order and lower dominate the intramolecular energy flow. This situation is analogous to previous work showing that low order resonances can dominate the IVR even when the relaxation involves a large number of states.
23-25
Intermolecular energy transfer
The mechanism and rate of intermolecular energy transfer depend not only on the surrounding environment but also on the internal modes of the relaxing molecule and their coupling to the solvent. Molecular dynamics simulations by Kab et al. 59 find that the dominant gateway mode of CH 2 I 2 in CDCl 3 is the CH 2 rocking vibration, not the lower frequency C-I stretch and bend modes. Although this conclusion contradicts the notion that the lowest frequency modes are the most strongly coupled to the solvent, 5 it is consistent with recent experimental evidence that low frequency modes are not necessarily the gateway modes. 25 Our experiment is only sensitive to the Franck-Condon active ͑primarily C-I stretch͒ modes and cannot determine which modes transfer energy to the solvent most efficiently. Regardless of the transfer mechanism, we observe intermolecular energy transfer by monitoring the decay of vibrational population in the modes to which our probe is sensitive.
We assume that IET produces a single exponential decay of the signal, independent of a state-specific or a statistical IVR mechanism. The lower panel of Fig. 7 shows these decay times for CH 2 I 2 in CCl 4 following excitation to the various C-H stretch and stretch-bend levels between 3000 and 9000 cm
Ϫ1
. We observe a slight decrease in the intermolecular energy transfer time for increasing levels of initial excitation, with an unexpectedly short transfer time for the s fundamental. The energy level dependence of the IET time indicates that a single exponential decay does not completely describe the energy transfer, but instead approximates the actual, energy-dependent relaxation. The IET rate depends on the level of excitation in the modes that we probe since vibrational relaxation rates increase with the quantum number. 60 Higher levels of initial C-H excitation lead to more vibrational quanta in the Franck-Condon active modes, and the average IET time that we observe reflects the faster initial relaxation. The result is a modest decrease in IET times with increasing level of initial excitation.
Charvat et al. 47 treat the excitation level dependence of the intermolecular energy transfer times with a biexponential decay function, and find that time constants of 27 and 140 ps reproduce the vibrational relaxation in CCl 4 following excitation of both the s ϩ b combination and the 2 s overtone. ͑They find that the IVR and IET times are the same for both the 2 ϩ 6 and 1 ϩ 8 / 5 ϩ 6 combination bands, which we collectively call s ϩ b .) The biexponential decay provides a slightly better fit of the data because it begins to account for the energy level dependence of the relaxation rate constant, but it is still only an approximate treatment of the energy transfer to solution. In terms of our picture, the two decay times correspond to the average relaxation rate of Franck-Condon active modes that are either highly excited or contain only a few quanta of excitation.
The intermolecular energy transfer time for the s fundamental is shorter than extrapolation from higher levels of initial excitation suggests. This surprising behavior may arise from an acceleration of the intermolecular energy transfer following state-specific redistribution within the molecule. The state-specific IVR mechanism could directly populate a larger fraction of gateway modes than the more random vibrational distribution produced by statistical IVR. Since the gateway modes transfer energy to the solvent quickly and directly, a distribution containing a large fraction of these modes relaxes more rapidly than one with a small fraction of excited gateway modes, producing an IET rate at the fundamental level that is faster than at higher levels. Our observation that the s fundamental level has a shorter intermolecular relaxation time than the s ϩ b combination in other solvents as well ͑see Table II͒ supports this interpretation.
C. Solvent dependence
The solvent plays an essential role in the vibrational energy transfer that we observe. Tables I and II list the IVR and IET times, respectively, for CH 2 I 2 in the solvents CCl 4 , CDCl 3 , C 6 D 6 , C 6 H 6 , and (CD 3 ) 2 CO following excitation of the s fundamental, the s ϩ b combination, and the 2 s overtone levels. We choose deuterated solvents to avoid direct excitation of solvent modes by the infrared pump pulse at the C-H absorption frequencies. ͑Because the s ϩ b combination band for CH 2 I 2 coincides with an absorption in C 6 D 6 but not C 6 H 6 , we use nondeuterated benzene for experiments on that state.͒ For each of the vibrational excitation levels, the strongly interacting solvents accelerate both intramolecular vibrational relaxation and intermolecular energy transfer, consistent with previous qualitative interpretations. 43, 44, 46 Specifically, the presence of a dipole moment in CDCl 3 does not significantly change the IVR or IET times compared to the nonpolar solvent CCl 4 , but nearest neighbor interactions of solvent molecules with CH 2 I 2 , such as the → C-I * charge transfer in the case of benzene and n O → C-I * for acetone, have a large effect on the energy transfer times. Relaxation times following excitation of the 2 s overtone of CH 2 I 2 in supercritical CO 2 by Sekiguchi et al. 61 provide another reference point. They find that changing the solvent density has no apparent effect on intramolecular vibrational relaxation but strongly influences the intermolecular energy transfer.
The effect of different solvents on the intramolecular vibrational relaxation times is particularly interesting because it provides direct evidence of solvent-assisted IVR. Table I clearly shows that the more strongly interacting solvents accelerate the intramolecular relaxation at all excitation levels but does not indicate the IVR times in the absence of solvent. The 2 s overtone relaxation measurements 61 in supercritical CO 2 give a relaxation time of 15 ps that is comparable to our measurement of 12 ps in CCl 4 , the most weakly interacting solvent studied. This similarity suggests that the intramolecular energy transfer time of isolated CH 2 I 2 may not be very different, but measurements in the gas phase are necessary to completely separate the solvent environment from the IVR process.
Our data show that the initial excitation level has little or no effect on the solvent dependence of intramolecular vibrational relaxation and intermolecular energy transfer. Since the absolute energy transfer times depend strongly on the initial excitation level, trends are not immediately obvious from the values in Tables I and II . Thus, in Fig. 9 we scale the energy transfer times of all solvents relative to that of CCl 4 for each excitation level. The similar variation with solvent at all levels of excitation indicates that solvent interactions enhance IVR and IET of CH 2 I 2 in solution independent of the initial excitation level. The more strongly interacting solvents produce consistently faster intramolecular vibrational relaxation and intermolecular energy transfer.
IV. CONCLUSION
Transient electronic absorption measures IVR and IET for CH 2 I 2 in solution following excitation of C-H stretch and stretch-bend modes at energies between 3000 and 9000 cm
Ϫ1
. Specifically, we observe the effect of the excitation level on the IVR mechanism, the IVR and IET times, and the solvent dependence. The probe wavelength dependence of the transient absorption signals shows that intramolecular vibrational relaxation is predominantly state-specific at the fundamental excitation level but is closer to the statistical limit at higher energies. In the case of the statistical mechanism, we extract IVR and IET times with a model based on the experimentally determined temperature dependence of the electronic absorption spectrum. The intramolecular vibrational relaxation times depend strongly on the excitation energy for states between the fundamental level and the first overtone but are constant at energies above the overtone, indicating that the additional vibrational states available at higher energy levels do not participate in the intramolecular relaxation. We use an order-specific density of states, n (E), to interpret these results and infer that IVR in CH 2 I 2 occurs predominantly through states that are fewer than about eight orders of coupling away from the initially excited state. The intermolecular energy transfer times depend weakly on the excitation energy, probably because of the different levels of excitation in the Franck-Condon active modes populated by intramolecular relaxation. Although the solvent has a strong influence on the absolute IVR and IET times, there is no evidence that this effect depends on the initial excitation level.
